We present the results of a systematic series of 168 laboratory experiments that examine the critical conditions for the failure of landslide dams, which obstruct the course of mountain rivers. The experiments were carried out by using three different sediment materials with a quasiuniform grain size distribution and with a flume bed slope angles that ranged between 0°and 5.71°͑0-10%͒. Three main typologies of dam failure were observed for increasing values of the dam's downstream-face angle: ͑1͒ overtopping; ͑2͒ headcutting, which led to the formation of an erosion channel on the dam's downstream face that progressively migrated up to the dam crest; and ͑3͒ initial slide of large part of superficial layer of the dam's downstream face, which was followed by headcutting. The experiments focused on the second type of failure to provide a safety criterion based on the upstream reservoir level. The quantities that govern this phenomenon have been identified and a functional relationship is proposed based on the dimensional analysis and curve fitting of the minimum level of the upstream reservoir leading to dam failure. A comparison of both the experimental findings and field data that are available in literature shows that the proposed relationship generally provides a conservative estimate for landslide dams in which comminution effects ͑due to fragmentation of material in the landslide process͒ are negligible ͑dam volume lower than 10 6 m 3 ͒. Finally, the applicability to larger volume landslide dams or to geometric configurations other than those investigated is discussed.
Introduction
Natural dams are often observed to form in nature and can be classified into three main categories: landslide dams, glacier-ice dams, and moraine dams ͑Costa and Shuster 1988͒. The present study is restricted to the first type of obstructions. These dams usually occur in narrow valleys that are bordered by steep slopes, where the area for spreading of the landslide material is rather limited ͑Costa and Shuster 1988; Clague and Evans 1994͒. The mass movements are commonly triggered by rainfall, snowmelt, and earthquakes and are favored by the presence of particularly unstable material on steep valley slopes, such as highly fractured as well hydrothermally altered bedrock and thick quaternary sediments. The water impoundment that forms behind a landslide dam is a potential hazard for people and property. Failure of the dam may give rise to destructive flooding events. Prevention of these floods requires a rapid assessment of the dam failure potential.
Many prior studies describe the breach's geometry and development and characterize the resulting hydrograph ͑Fread and Harbaugh 1973; MacDonald and Landgridge-Monopolis 1984; Singh and Scarlatos 1988; Rozov 2003; Franca and Almeida 2004; Chinnarasri et al. 2004; Coleman et al. 2002; Macchione and Rino 2008; Froehlich 2008; Schmocker and Hager 2009͒ . The timing of the failure and the magnitude of the resulting flood are controlled by many factors, which include the dam's size and geometry, sediment characteristics, rate of inflow to the impoundment, size and depth of the impoundment, and bedrock control of the flow.
Several contributions have specifically focused on the physical mechanisms that determine dam failure. Landslide dams are usually made of a heterogeneous mass of unconsolidated or poorly consolidated material and, therefore, may be subject to intense seepage flows. Both laboratory experiments ͑Wörman 1993; Franca and Almeida 2002; Liao and Chou 2003; Huang et al. 2007͒ and field observations ͑Leps 1973; Cruden et al. 1993; Mora et al. 1993; Meyer et al. 1994͒ show that dam failure can originate not only by overtopping but also from headcutting, which arises at the toe of the dam's downstream face and progressively migrates upstream to the lake ͑or by a combination of these two mechanisms͒. Other seepage erosion processes that can also lead to dam failure are internal instability, internal erosion, and piping ͑Van Zyl and Harr 1981; Meyer et al. 1994; Ojha et al. 2003; Takahashi 2007; Covelli et al. 2008͒. Takahashi ͑2007͒ argued that the type of failure essentially depends on dam permeability and material strength. Overtopping is likely to occur with small permeability and high strength, while sudden slide collapse that is induced by internal instability is possibly associated with higher permeability and weaker strength. In the case of very high permeability, failure is due to headcutting migrating upstream after toe erosion of the downstream face. Takahashi ͑2007͒ did not provide any quantitative criterion for determining the occurrence of the various failure processes. As far as internal instability is concerned, classical geotechnical methods ͑Fellenius 1936; Bishop 1955; Janbu et al. 1956; Morgenstern and Price 1965͒ can be used to compute a safety factor, which provides a measure of the dam's global stability.
Geomorphic indices, which are obtained from combinations of geomorphic parameters that influence the damming process ͑such as the volumes of the dam and its impoundment, the dam's height, and the upstream watershed area͒, can also be introduced to evaluate the dam's stability ͑Casagli and Ermini 1999; Ermini and Casagli 2003͒. Korup ͑2004, 2005͒ deepened this approach and discussed its use in designing landslide dam stability charts.
The conditions under which overtopping and downstream-face headcutting occur are less clear and a strong need still exists for a thorough and systematic recognition of the role played by hydraulic, geometrical, and sedimentological parameters. According to Leps ͑1973͒, the stability of the downstream face of rockfill dams depends on the relative density of the dam material, the maximum gradient of the seepage flow, and the inclination of the dam's downstream face. Wörman ͑1993͒ investigated the critical shear stress for sediment removal downstream of the phreatic surface exit and the deformation state of the dam's downstream face just before failure. The laboratory experiments used well-sorted coarse gravel dams on a horizontal bed and the failure process was related to a few parameters. The quantities used in the analysis include the height of the seepage at the phreatic surface exit, the angle of seepage as measured from the horizontal, and the partition coefficient, defined as the ratio of the volume of the seepage region to the volume of the superficial particles that lie on the downstream face. Nevertheless, these quantities are difficult to estimate.
A series of tests that were specifically focused on understanding the failure mechanisms of landslide dams was carried out by Liao and Chou ͑2003͒. The materials consisted of coarse sands and fine gravel. A dam with a given geometry ͑in this case a very large crest width͒ was placed in a flume that was inclined at angles between 12°and 24°. To simulate flood events, the inflow discharge was increased from zero to a prescribed value. Smaller discharges were observed to determine the face-toe failure, with progressive upstream migration of the failure, while for higher discharges bank toe instability and dam overtopping occurred simultaneously.
Headward stream erosion that was triggered by the downstream bank toe instability was the basic mechanism operating in the experiments of Huang et al. ͑2007͒ on the failure of sandy dams. These experiments were carried out with slope angles of the dam's downstream face with respect to the bottom in the range of 26.6°-19.6°and those of the flume bed from 3.6°to 10.8°. The head upstream of the dam was kept constant until retrogressive headcut erosion took place on the dam's downstream face, which triggered a debris flow. The upstream water head was then reduced to prevent failure. Davies et al. ͑2007͒ attempted to reproduce the failure of a real landslide dam ͑i.e., the Poerua Gorge dam, New Zealand͒ in the laboratory. Their laboratory dam was made of sand material with a cohesion of about 20 kPa. The dam failed by overtopping, but occasional mass failures occurred at the downstream face before the water reached the dam crest.
In the present work we aim to improve the understanding of hydraulic and sedimentological conditions that lead to overtopping and headcutting failure. For this purpose we carried out a systematic series of experiments that extend the laboratory observations of Liao and Chou ͑2003͒ to a number of dam configurations as well as a wider range of sediment grain sizes and bed slopes, which include that typical of torrents where landslide dams frequently form ͑Pirocchi 1992; Amansa et al. 1992; Jennings et al. 1993; Mora et al. 1993; Jaeggi et al. 1994; Schuster 2000; Hancox et al. 2005; Davies et al. 2007; Takahashi 2007; Nash et al. 2008͒ . To simulate a typical flood event in each experiment the inflow rate was increased from zero to a prescribed value which was not changed until incipient failure ͑either caused by headcutting or overtopping͒ was attained. The experimental data were used to determine a functional relationship that relates the critical level of the reservoir created by the dam to easily measurable quantities, namely, the channel slope, a few geometrical parameters characterizing the dam's configuration, and the geometrical, hydraulic, and mechanical properties of the dam material.
The rest of the paper is organized as follows. Section 2 describes the experimental apparatus and the modalities of the tests. Section 3 discusses the experimental results and proposes a functional relationship, which is based on dimensional analysis, giving the critical reservoir level for incipient dam collapse. Section 3 also presents a comparison between results of the laboratory experiments and field observations that are available in the literature. Finally, Section 4 reports some conclusions.
Experimental Apparatus and Methods
The experiments were carried out in a glass-sided flume 10.0 m long, 0.5 m wide, and 0.5 m high ͑see Fig. 1͒ , which could be tilted continuously and automatically in the range of 0°-5.71°͑ maximum error of 0.1°͒. The flume was fed through an attached tank, which was equipped with a honeycomb flow straightener to create uniform turbulent flow conditions close to the flume's entrance. The water entering the inlet tank was provided by a submerged pump that was placed in a reservoir located under the basement of the flume; it was also used to collect the water falling from the downstream end of the flume via a weir. The flow discharge was measured by using an electromagnetic flow meter, which ensures a maximum error of 2.5ϫ 10 −6 m 3 / s. A bypass in the supplying system was used to regulate the flow discharge with a minimum increment of 10 −4 m 3 / s. A gravel dam was built 1.5-m upstream of the downstream end of the flume, and the sediments that eventually resulted from its failure were collected in a sand trap placed downstream of the flume. The level of water impoundment that formed upstream of the dam was measured by two ultrasonic probes ͑error smaller than 0.001 m͒ located at the inlet tank and just before the upstream face of the dam. Each experiment was filmed with a video camera that was synchronized with the measurements of the water discharge and water surface. The data, which were sampled at 4-s intervals, were recorded in a file by a National Instruments IO 12 bit AID 6035E board driven by a Lab View code.
Three different types of crushed nearly uniform gravel were used in the experiments. Their grain sizes varied in the ranges of 2-5 ͑Material A͒, 5-9.5 ͑Material B͒, and 6-13 mm ͑Material C͒. For each of these mixtures, Table 1 reports the median particle size d 50 , the immersed specific weight ␥ S , the mean dry angle of repose D , the submerged angle of repose S , the standard deviation of the latter, the porosity n, and the hydraulic conductivity K. In particular, both D and S were determined through the procedure proposed by Chepil ͑1959͒, while a constant-head permeameter was used to estimate K. Finally, ␥ S and n were measured by a pycnometer and a graduated box, according to the ASTM procedures. Material B was also glued to the bottom of the flume where the dam rests to avoid preferential paths of seepage flow at the dam's base.
The geometric characteristics of the gravel dam are shown in Fig. 2 , and a summary of the values of the various quantities in the experimental runs is given in Table 2 . Four values for the dam's height H were considered ͑0.2, 0.25, 0.3, and 0.4 m͒, and the width of the dam crest b was varied in the range of 0-0.4 m. The angles ␣ and ␤ which are the angles between the flume bed and the upstream and downstream faces of the dam were varied from 7°to 30°and from 16°to 30°, respectively. In the following, for comparison purposes, we will assume that the dam constructed of Material B ͑d 50 = 6.8 mm͒ is the reference configura- tion with H = 0.25 m, b = 0.1 m, ␣ = 16°, and ␤ = 23°. The maximum errors for the inclination of the dam faces and the dam height are 0.2°and d 50 / 3, respectively. Each test was aimed at determining the minimum ͑critical͒ level, D cr , of the upstream water impoundment for the occurrence of dam failure. The initial conditions were characterized by either an empty impoundment or with a temporally constant water level D 0 that was lower than the critical level. This latter configuration was obtained by supplying the flume with a constant water discharge, Q 0 , and waiting until this discharge was balanced by the flux of water filtering through the body of the dam. Afterward, in a time interval ⌬t the water discharge was increased to a fixed value Q F that was maintained constant during the entire test. For given initial conditions, if the incremented discharge was observed to induce dam failure, the run was repeated from the same initial conditions but with a smaller Q F value by an amount dQ =10 −4 m 3 / s, which is the minimum discharge variation allowed by the bypass. This procedure was repeated up to the limiting discharge Q L for which the dam did not fail. The critical discharge value is then defined as Q cr = Q L + dQ. On the other hand, if increasing the discharge up to Q F did not result in dam destabilization, the inverse procedure was followed. Thus Q F was increased by dQ =10 −4 m 3 / s until reaching the critical value Q cr for dam failure. This procedure introduces a certain degree of uncertainty in the estimate of D cr . Indeed, the critical level could be actually reached by a discharge increment smaller than dQ, which is the actual critical value between Q cr and Q L . A measure of this uncertainty is given by the difference between the critical level observed at Q cr and the slightly lower one corresponding to Q L . The maximum difference that was estimated from the experimental data was about 0.009 m ͑i.e., ϳ4% of the dam height͒. Three different values for the initial upstream discharge Q 0 were used in the tests ͑i.e., 0, 0.001 16, and 0.001 47 m 3 / s͒ and the flume bed slope angle ͑see Fig. 2͒ was varied from 0°to 5.71°͑i.e., 0-10%͒ ͑see Table 2͒ . The maximum initial discharge 0.001 47 m 3 / s was the highest rate that ensured the stability of the dam's downstream face for the largest bed slope ͑i.e., = 5.71°͒.
Experimental Results

General Features
Before discussing in detail how the present results can be used to obtain a relationship for D cr , we briefly outline some general features that emerged from the tests. As already described, the initial conditions consisted of either zero discharge or a steady flow, in which the upstream water discharge was balanced by the seepage flow discharge through the dam. In the latter case, the water filtering through the dam's body exited near the toe of the downstream face, which determined the surface flow over it. Increasing the upstream discharge increased the seepage flow and caused upstream migration as well as a thickening of the surface flow.
The collapse mechanism was strongly influenced by the values of the flume's bed slopes and the dam's downstream face, which were measured by the angles and ␣, respectively. Indeed, the lower ␣ and/or were, the gentler the water table's slope was, which implied lower seepage and surface flow discharges; thus, particles that lied on the dam's downstream surface were subject to lower stresses. Three main typologies of dam failure have been observed and depend on the combination of ␣ and .
The first failure type was overtopping which took place for lower values of ␣ and : ␣Յ7°, Յ1.15°for Materials A and B; ␣Յ7°, Յ3.43°for Material C. The downstream-face overland flow was unable to erode the particles lying on superficial layers; thus, the level of upstream impoundment finally reached the dam crest and caused breaching as well as depletion of the upstream reservoir.
The second type of failure was due to headcutting that was generated by exceeding the critical shear stress for incipient sediment movement on some part of the dam's downstream face. A channelized flow then formed ͑Figs. 3 and 4͒ which, in turn, enhanced the drainage of the water filtering through the dam. This positive feedback mechanism increased the channelized flux, with a consequent significant removal of superficial sediment and a progressive migration of the channel head toward the crest of the dam. Dam collapse occurred as the channel head reached the upstream face of the dam after eroding the entire crest to form a breach ͑Figs. 3 and 4͒. This type of failure occurred for elevations of the upstream impoundment that were lower than those leading to overtopping and were observed for intermediate values of ␣ and . In general, sediment erosion started just downstream of the exit of the seepage flow for relatively low channel slopes ͑ Յ 2.3°͒, while for Ն4.6°the dam's downstream-face area, which was initially affected by surficial erosion, expanded toward the bank toe. The maximum value of the reservoir level that was attained during a test, hereinafter denoted as D cr , was always larger than that ͑D br ͒ corresponding to breach formation ͑Fig. 4͒. Indeed, as the head of the channelized flow migrated upstream, the seepage flow discharge increased and thus led to a decrease in the reservoir level. The planar position of headcutting changed from time to time, depending on the inevitable irregularities of the downstream dam face. In some tests two erosion channels formed; only one channel, however, migrated up to the reservoir, while the other channel either merged into the first channel or stopped.
The third mechanism leading to the dam failure was attained for relatively high values of ␣ and . It was characterized by an instability of the superficial layers of a large area in the lower portion of the downstream face. After that, a migrating upstream channel formed and the route to dam collapse was analogous to that observed in Type 2 failure. The transition from Type 2 to Type 3 failure occurred for high enough values of ␣: ␣Ն22°and Ն3.43°for Materials A and C; ␣Ն25°and Ն3.43°for Material B. A Type 3 failure was observed, independently of the channel slope, for ␣Ն25°͑Materials A and C͒ and ␣Ն30°͑Material B͒.
The onset of the erosion channel, the breaching time, and the values of D cr observed in runs that were repeated under identical experimental conditions were highly reproducible. The duration of the tests, which depended on the time needed by the erosion channel to reach and breach the dam crest, ranged from 10 to 60 min. Longer durations corresponded to tests with higher bottom slopes and/or a larger dam height H and aspect ratio b / H. When the erosion channel stopped before the breach formation which yielded a distorted but stable downstream dam face configuration, the test was continued for other 30-60 min to be sure of the dam stability.
Critical Depth for Dam Failure
The failure of a landslide dam is essentially controlled by the interplay of two hydraulic processes: the seepage flow through the dam's body and the erosion of the downstream face due to surface flow. The intensity of the seepage flow, in particular, controls whether the impoundment level can grow until overtopping occurs or to a lower level determined by the onset of a downstream erosion channel that progressively migrates up to the dam crest. The inability to analytically solve the seepage flow or to simply parametrize it prevents a straightforward characterization of the surface flow that affects the dam's downstream face. Hence, it is not possible to derive a direct criterion for estimating the critical reservoir level. To single out the physical quantities that govern the hydraulic processes controlling dam stability, we resort to dimensional analysis.
In the case of landslide dams that are made of coarse sediment, as treated here, seepage flow is generally nonlinear and described by quadratic ͑Forcheimer͒ or power ͑Izbash͒ laws ͑Bear 1972͒, which relate the hydraulic gradient to the bulk velocity. These laws involve coefficients that depend on properties of the water ͑density and viscosity͒ and the solid matrix ͑sediment size and shape, intrinsic permeability, and porosity͒. Small changes in sediment size, shape, and porosity determine large variations in the relevant coefficients, which generally depend on a suitably defined Reynolds number for the seepage flow ͑e.g., Li et al. 1998; Wahyudi et al. 2002͒ . To avoid the difficulties involved in the estimation of these coefficients, we observe that, as previously discussed by Leps ͑1973͒, the seepage flow is mainly controlled by boundary conditions, in particular by tan ␣. We thus propose to characterize the seepage flow by using global parameters such as sediment size and hydraulic conductivity, slope angles, dam height, and depth of the upstream water impoundment ͑see Fig.  2͒ .
The surface flow that occurs on the dam's downstream face, beneath the phreatic surface exit, is responsible for the removal of surficial layer grains and formation and migration of the headcutting erosion channel. The local stability of the sediment and the sediment transport capacity generally depend on fluid and sediment properties, flow depth, and shear velocity. Determining the shear velocity ͑and its dimensionless counterpart, the Shields parameter͒ requires the knowledge of quantities that are difficult to estimate ͓e.g., the seepage flow exit angle and the partition coefficient defined by Worman ͑1993͔͒, especially during the highly unsteady evolution of the erosion channel. Rather than focusing on the local grain mobility, we try again to relate the overall stability of the system to the global geometric parameters.
We propose that dam failure can be described by the following functional relationship:
where = density of water; g = acceleration due to gravity; the quantities H, b, tan ␣, tan ␤, and tan account for the geometry of the dam ͑see Fig. 2͒ ; D 0 and ⌬D / ⌬t = initial reservoir level and its subsequent rate of increase and characterize the experimental procedure adopted to obtain the dam failure; and the other quantities, which have already defined throughout the text, are related to the characteristics of the dam material. We note that this relationship does not involve the bulk seepage velocity q and the surface flow shear velocity u ‫ء‬ , which locally characterizes the relevant hydraulic processes. These quantities usually vary in time and space, and in this case, they are surrogated at a global level by the geometric quantities tan ␣ and tan . Together with D, H, and b, these indirectly control flow in the body and along the downstream surface of the dam ͑see Fig. 2͒ . In particular, we observe that, all the other parameters remaining constant, higher values of tan imply higher specific discharges through the dam body and smaller elevations of the phreatic surface exit, while larger values of tan ␣ are associated with larger seepage exit angle. These two effects do not combine linearly and thus prevent a simple dependence of D cr on the overall slope tan͑ + ␣͒ ͑this issue will be discussed later͒. By applying the Buckingham theorem and choosing H, K, and as fundamental variables, we obtain the following:
The choice of H as a typical length scale is related to the fact that H not only controls dam overtopping but also affects the migration length of the erosion channel from its onset to the dam crest. The hydraulic conductivity K, which involves both the solid matrix and the fluid properties ͑i.e., K = k␥ / , where k is the intrinsic permeability and ␥ and are specific weight and viscosity of water͒, has been selected as the velocity scale since, together with n, it gives an overall idea of the seepage flow intensity.
In the present experiments, s / , S , n, and K / ͱ gH do not vary significantly, and, hence, we are not able to determine the dependence of D cr / H on these dimensionless quantities. Nevertheless, we observe that the ranges of values for s / , S , and n that are typically attained in the field are quite restricted and similar to those used here. This implies that we can reasonably rule out the dependence of D cr / H on the above parameters in the case of landslide dams that consist mainly of coarse, poorly graded sediment. On the other hand, in the case of landslide dams with a low permeability, n and K / ͱ gH are smaller than in the present experiments; thus, they could play an important role in determining the type of dam failure, as it will be discussed later on. The remaining dimensionless parameters that appear on the right-hand side of Eq. ͑2͒ guided the design of the extensive series of tests ͑168 runs͒, which are summarized in Table 2 , with particular reference to the case of Type 2 failure ͑145 runs͒ which likely determines the lower values of D cr . A preliminary series of tests involved the reference geometric dam configuration, which was defined in the previous section, and aimed at determining the influence of the parameter ⌬D / K⌬t that relates the reservoir level's growth to sediment permeability. In the experimental runs that were carried out with D 0 =0 ͑i.e., Q 0 =0͒, D cr / H was found to increase with decreasing ⌬D / K⌬t ͑=20, 200, and 300 s͒. Moreover, the results for ⌬t =20 s ͑Fig. 5͒ clearly indicate that, at least within the range of here investigated, setting D 0 0 ͑i.e., Q 0 0͒ did not appreciably influence the observed D cr . On the basis of these results, we decided to systematically set ⌬t = 20 s and D 0 =0 ͑Q 0 =0͒ in almost all of the runs. Fig. 6 shows the dependence of D cr / H on the channel slope tan͑͒ for different values of the dimensionless width of the dam's crest b / H ͓Fig. 6͑a͔͒ and of the dam's upstream face angle ␤ ͓Fig. 6͑b͔͒. In both cases the data tend to collapse on a single straight line ͑i.e., the vertical fluctuations are smaller than the experimental uncertainty expected for D cr / H, which is 0.04͒ and thus indicate a negligible effect from b / H and ␤. In the following analysis, we will therefore consider the values of D cr / H that are averaged over the tests carried out with different H 0 ͑i.e., Q 0 ͒, b / H, ␤ and given values of , H / d 50 , and ␣. The dependence of these average values on the grain size of the dam material ͑i.e., H / d 50 ͒ is analyzed in Fig. 7 . D cr still appears to vary linearly with tan ͓Fig. 7͑a͔͒, but the intersection with the vertical axis depends nonlinearly on H / d 50 . As depicted in Fig. 7͑b͒ , the relationship between D cr / H and H / d 50 for a given tan͑͒ exhibits a power law dependence. Note that tests carried out with almost the same values of ͑ + ␣͒ ͑but different combinations of ␣ and ͒ lead to different values of D cr , which thus implies that the functional dependences on tan and tan ␣ depicted in Figs. 6 and 7 do not combine linearly. Finally, Fig. 8 shows that the relationship between D cr and tan͑␣͒ is also linear.
The data analysis that was conducted so far concerning Type 2 dam failure points provides a functional relationship with the following form:
where a j ͑j =1,7͒ = constant coefficients to be determined on the basis of the experimental data. In order to determine these coefficient we have suitably reduced the set of measured data ͑from 137 to 81, i.e., Run Series 1, 5, 6, 7, 12, 13, 14, and 15 with some data from Series 3, 10, and 17 in Table 2͒ , taking into account the fact that D cr / H is not significantly influenced by Q 0 , b / H, and ␤ at least for the ranges of the parameters investigated here. We have calculated the average value of D cr / H for each set of , H / d 50 , and ␣. By minimizing, through the simplex method, the norm of the errors between the critical reservoir levels from these new sets of data and those given by Eq. ͑3͒ we eventually obtain the following: a 1 = 0.0855, a 2 = 0.4359, a 3 = 2.4661, a 4 = 51.22, a 5 = −1.1967, a 6 = 4.1901, and a 7 = −2.4952.
Visual inspection of Figs. 7 and 8 suggests a good fit between Eq. ͑3͒ ͑continuous lines͒ and the experimental points. This fit is confirmed by the overall comparison in Fig. 9 , which plots the measured ͑D cr / H͒ m versus the predicted ͑D cr / H͒ c critical level. The computed correlation coefficient is 0.984 and the average distance of the points from the perfect agreement line is 0.022. All of the points, but nine, fall between the dashed lines, which correspond to the uncertainty in determining D cr ͑ϳ4% of H͒. These points also exhibit a vertical shift with respect to the perfect agreement line, which is smaller than 0.033 that is the maximum value of uncertainty ␦u associated with the fitted data. The uncertainty ␦u was computed through the following relation ͑Taylor 1997͒:
where 0 = D cr / H; 1 = tan ; 2 = tan ␣; and 3 = H / d 50 . The maximum value of ␦u was obtained by using the maximum errors on and ␣ ͑0.1°and 0.2°͒ and the maximum errors on D and H ͑0.0015 and 0.004 m͒ associated to their minimum values, 0.09 and 0.2 m, respectively ͑␦ 0 = 0.031, ␦ 1 = 0.002, ␦ 2 = 0.005, and ␦ 3 = 0.2͒.
Relationship ͑3͒, obtained by data concerning failure of Type 2, likely represents a lower limit for the values attained by the critical level in the experiments that correspond to a Type 3 failure ͑i.e., Run Series 4, 11, and 18 with some data from Series 3, 10, and 17 in Table 2͒ . Fig. 10 indicates that the measured values of D cr / H are larger than those computed by Eq. ͑3͒. All of the data corresponding to Material B and those pertaining to Material A at lower slopes ͑␣ = 22°and Յ4°; ␣ = 25°and Յ2.29°͒ suggest a linear increase in D cr / H with ␣. The rest of the data are characterized by larger values than those predicted by Eq. ͑3͒ and do not show a clear dependence on ␣ and H / d 50 . We thus deem that the critical level given by Eq. ͑3͒ provides a lower limit for dam stability and, therefore, yields a safety criterion that can be used independently of the type of failure actually occurring.
Scaling Issues
Eq. ͑3͒ should be strictly used for landslide dam geometries and material characteristics that fall within the range investigated here. We now discuss whether this equation can be used to estimate the critical conditions for a number of natural landslide dams ͑whether or not failed͒. Table 3 reports the relevant geo- Table 2͒ were carried out with the reference configuration and larger values of b / H ͑i.e., 1 and 1.6͒. These trials indicate that the linear dependence of D cr on tan͑͒ preserves the slope but the intercept increases with b / H. In particular, when b / H Ͼ 0.8, Eq. ͑3͒ predicts a critical level that is lower than the real one, which thus yields a conservative estimate. The present experimental results also suggest that Eq. ͑3͒ can be used for the values of H / d 50 observed in the field ͑usually much larger than those investigated experimentally͒. Indeed, D cr / H exhibits a nearly horizontal asymptotic dependence on H / d 50 for H / d 50 Ͼ 40 ͑see Fig. 7͒ . Moreover, for values of larger than those considered here ͑determined by facility constraints͒, Eq. ͑3͒ provides quite small critical levels. The reliability of these values should be verified experimentally. Finally, experimental evidence suggests that the critical conditions are not influenced appreciably by changes in ␤.
Another point that needs to be addressed to evaluate the applicability of Eq. ͑3͒ to real conditions concerns the permeability characteristics of natural landslide dams. In the absence of specific measurements, this property can be estimated through considerations of landslide volume and grain size. Landslide dams with a permeability analogous to that investigated are made of material with dominant fractions of gravel and boulders. Nevertheless, material that forms the body of natural landslide dams could be subjected to comminution effects due to fragmentation during the collapse. According to Davies and McSaveney ͑2006͒ fragmentation does not occur in the case of block slides, while it could take place in rock avalanches with material grading ͑the fragmented material increasing from the surface to the interior of the dam͒. In this latter case, Davies et al. ͑1999͒ pointed out that fragmentation occurs only for landslide volumes greater than 10 5 m 3 . For larger landslide volumes, the fragmentation effect increases and does not change when the landslide volume exceeds 10 7 m 3 . A landslide volume of 10 6 m 3 can thus be reasonably assumed as the maximum volume for which the fragmentation effect can be neglected; this leads to a permeability of the same order of that investigated in the present experiments.
Most of the natural landslide dams considered in Table 3 exhibit volumes that are larger than 10 6 m 3 and, hence, would point to a certain degree of fragmentation. Nevertheless, two reviews of landslide dams in New Zealand carried out, using different methodologies, by Perrin and Hancox ͑1992͒ and Korup ͑2004͒ suggest that landslide volumes smaller than 10 6 m 3 are not uncommon in nature. In the review of Perrin and Hancox ͑1992͒, 18 ͑22%͒ of 82 examined landslide dams have a volume between 0.2ϫ 10 6 and 1.6ϫ 10 6 m 3 , while in the review of Korup ͑2004͒ nearly half of 232 examined landslide dams have a volume smaller than 10 6 m 3 . Moreover, 5 of the 10 landslide dams in the Alps and 7 of the 42 landslide dams in the Northern Appennines, which were analyzed by Pirocchi ͑1992͒ and Casagli et al. ͑2003͒, respectively, are characterized by a grain size distribution with d 50 larger than 0.1 m and a gravel-boulder fraction in the range of 55-85%. Additionally, the Rio Toro and Tunawea landslide dams ͑Mora et al. 1993; Jennings et al. 1993͒ comprised a dominant fraction of gravel in spite of having a landslide volume larger than 10 6 m 3 . Thus, we suggest that Eq. ͑3͒ is suitable not only for relatively small dams ͑volume lower than 10 6 m 3 ͒ but, in some cases, can also be applied to dams with a larger volume.
Nevertheless, two reviews of landslide dams in New Zealand carried out using different methods by Perrin and Hancox ͑1992͒ and Korup ͑2004͒ suggest that landslide volumes smaller than 10 6 m 3 are not uncommon in nature. In the review of Perrin and Hancox ͑1992͒, 18 ͑22%͒ of 82 examined landslide dams have a volume between 0.2ϫ 10 6 and 1.6ϫ 10 6 m 3 , while in the review of Korup ͑2004͒ nearly half of 232 examined landslide dams have a volume smaller than 10 6 m 3 . Amansa et al. 1992; 3-Mora et al. 1993; 4-Cruden et al. 1993; 5-Jennings et al. 1993; 6-Jaeggi et al. 1994; 7-Hancox et al. 2005; 8-Takahashi 2007; 9-Nash et al. 2008; and 10-Leps 1973 
Comparison with Laboratory and Field Observations
In order to test the reliability of the failure scenarios that emerge from the present experiments and the robustness of the estimates given by Eq. ͑3͒ we examined a number of literature publications from both field ͑Amansa et al. 1992; Jennings et al. 1993; Mora et al. 1993; Hancox et al. 2005; Takahashi 2007; Nash et al. 2008͒ and laboratory data ͑Huang et al. 2007; Davies et al. 2007͒ . The main features of the various landslide dams that were considered in the comparison are summarized in Table 3 .
The failure of the landslide dam formed at Kamisamata, which is on the Mana River in Japan ͑Takahashi 2007͒, took place by overtopping ͑Type 1 failure͒ in September 15, 1965; this occurred 8 min after the Mana River was obstructed. The location had a bed slope angles of = 0.86°͑1.5%͒ and ␣ = 6.7°. On the basis of the present experiments, these parameters imply a Type 1 failure, which was indeed observed in the field.
The Pisque River landslide dam failed after overtopping in January 26, 1990, which was 24 days after its formation ͑Amansa This result could be explained by the fact that the upstream discharge provided a much larger level than that required for the failure. On the other hand, the dam did not collapse during the first period that the impoundment was raised ͑even though D m / H Ͼ D cr / H͒ due to both the unsteadiness of the upstream water discharge and the probable small volume of the water impoundment from the high river slope.
We now consider the 57-m high landslide dam that obstructed the Tunawea stream ͑New Zealand͒ ͑Jennings et al. 1993͒. The day before the failure an inspection revealed some erosion at the exit of the water table on the downstream face. The survey after the failure indicated that the dam was composed of relatively homogeneous material, which predominantly consisted of 300-mm angular loose rockfill with very little fine soil sizes. Coarser material ͑with size of 1-2 m͒ was observed on the dam's downstream face before its failure. According to the present experiments, the values of the relevant geometrical dam parameters ͑i.e., = 3.8°, ␣ = 16.5°͒ suggest a Type 2 failure, which is also in accordance with the erosive processes observed on the downstream face the day before the failure. Nevertheless, Jennings et al. ͑1993͒ and M. G. Webb ͑personal communication, 2008͒ indicate overtopping ͑Type 1 failure͒ as the most likely cause of failure because the rock size at the toe was to large to be mobilized by overland flow.
The following two cases of documented field failure concern the landslide dams that obstructed the Poerua River and the Ram Creek in New Zealand ͑Hancox et al. Nash et al. 2008͒ . These two examples are presented to discuss the possible problems than can be encountered when applying Eq. ͑3͒. The first dam consisted of rock material and collapsed as a consequence of overtopping, which occurred after 24 h of heavy rainfall. The values of the relevant parameters ͑ = 5°, ␣ = 19°͒, however, would indicate a Type 2 failure. This discrepancy can be attributed to two causes ͑T. Davies, personal communication, 2008͒ . The first cause is that toe erosion could have occurred, but it would not have been visible after the overtopping. The second explanation is that the dam's core was probably made of very low permeability material because the fragmentation during the collapse probably generated a large quantity of fine material ͑Davies et al. 1999͒. Indeed, the dam volume ͓͑1 -1.5͒ ϫ 10 7 m 3 ͔ exceeds the upper limit ͑10 6 m 3 ͒ for which the comminution effect can be neglected. The second dam was made of a well-graded mixture of silty sandy gravel with cobbles and boulders and failed by overtopping after an intense rainstorm. As in the previous case, the relevant parameters ͑ =8°, ␣ =7°͒ would indicate a Type 2 failure. This did not occur because of the low permeability of the dam material: in this case the parameter K / ͱ ͑gH͒ likely plays a nonnegligible role in determining the observed failure conditions. A Type 3 failure was documented for the Hell Hole Dam ͑a rockfill dam in California͒ ͑Leps 1973͒. This man-made dam was constructed by dumping rocks on a bedrock canyon that hosted the bed of the Rubicon River; thus, the structure can be classified as a landslide dam. The average size of the sediment that composed the downstream dam face was about 250 mm, with the larger rocks at the toe. The dam's downstream-face angle and the river bed angle were ␣ = 35°and = 0.052°. The failure began with the erosion of the toe rocks that was caused by a raise of water table. Subsequent slides destabilized part of the surficial layers of the downstream face and triggered the formation of a 30-m wide channel, which migrated upstream to the dam crest, causing the collapse. The value of D cr / H that was computed by Eq. ͑3͒ is 0.53, which is, in fact, lower than the dimensionless observed maximum water level, D m / H = 0.64 ͑D m =43 m͒.
Finally, let us compare the present results with two independent series of laboratory experiments. The first set of experiments consisted of three tests and was carried out by Huang et al. ͑2007͒ with sediments similar to those adopted here ͑d 50 = 0.279 mm͒. Imposing a constant upstream reservoir level ͑D / H = 0.8͒ always led to a Type 2 failure. These results are in accordance with the estimates of D cr / H that are provided by Eq. ͑3͒ ͑=0.4, 0.18, and 0.018, and therefore always lower than the imposed upstream dimensionless reservoir level D / H = 0.8͒, given the values of ͑=3.6°, 7.8°, and 10.8͒ and ␣ ͑=26.6°, 22.6°, and 19.6°͒ adopted by Huang et al. ͑2007͒. However, the value D cr / H = 0.018 predicted for = 10.8°is very low. This result is due to the high value attained by the bed slope angle, which is well beyond the maximum value investigated in the present experiments, i.e., out of the range of applicability of Eq. ͑3͒. In the second series of experiments, which were carried out by Davies et al. ͑2007͒, the dam collapse was always due to overtopping. In this case the predictions of Eq. ͑3͒ do not agree with the observations. This is likely due to the relatively low permeability ͑K = 0.0001 m / s͒ of the sediments ͑sand of size of Ͻ1 mm͒ used by Davies et al. ͑2007͒ , which significantly limits the seepage flow through the dam's body. As a last remark, in Table 3 the value of D cr / H according to Eq. ͑3͒ is reported for all the cases ͑using d 50 = 1 m where data on d 50 are missing͒, comprising the landslide dams failed by overtopping ͑Type 1 failure͒ and those that are not failed. It results that D cr / H can be lower than unity in some cases where also the experiments predict a Type 1 failure. This result, as well as that larger than unity, is uncorrected and misleading because it has been obtained beyond the validity limits of Eq. ͑3͒. The results obtained by using Eq. ͑3͒ are reliable only if the geometrical characteristics of landslide dams and the sediment matrix properties are consistent with a failure of Types 2 and 3 ͑in this case a conservative estimate͒.
Conclusions
We have presented the results of an extensive and systematic series of experiments aimed at investigating the mechanisms causing the collapse of a coarse sediment landslide dam. The level of the water impoundment that formed upstream of the dam was raised by supplying a steady water discharge to the laboratory channel in which the dam was located. The minimum level of the water impoundment that caused failure was determined for different geometrical dam configurations, sediment size ͑d 50 = 3.9, 6.8, and 10.3 mm͒, and channel bed slope angles ͑0 ՅՅ5.71°͒.
Three different types of failures were observed, which depend on the values attained by the downstream-face slope angle, ␣. For relatively low values of ␣ ͑Յ7°͒ the dam failure was triggered by overtopping of the dam crest: the dam's downstream face, in fact, was stable despite the seepage flow that occurred through it. For intermediate values of ␣ ͑7°-25°͒ surface flow occurred between the exit of seepage flow and the toe of the dam's downstream face and removed the surface sediments, enhancing the formation of a channelized flow. This channel progressively migrated upstream until it reached the water impoundment, forming a breach that eventually led to dam failure. Finally, for high enough values of ␣ ͑Ն22°-25°͒ headcutting failure occurred only after the sliding of the superficial layers of a large extent of the downstream face.
The minimum dimensionless water level of the upstream impoundment D cr / H that led to the second type of failure was found to vary linearly with tan͑␣͒ and tan͑͒, while the dependence on the dimensionless grain size d 50 / H is well represented by a power law. A predictive relationship ͓Eq. ͑3͔͒ for D cr / H was derived by fitting the measurements. This relationship can also be used to obtain conservative estimates of the critical reservoir level in the case of the third type of failure. Similarly, Eq. ͑3͒ provides a conservative estimate of the collapsing conditions for b / H larger than 0.8 and for H / d 50 larger than the maximum value investigated here due to the asymptotic dependence of D cr / H on H / d 50 .
Reasonable agreement between both field and laboratory data provides some support to the claim that the present results can be reliably adopted to estimate the critical conditions leading to the failure of landslide dams with a predominant fraction of gravels and boulders. This type of dam usually results from landslides with a volume lower than 10 6 m 3 , in which comminution effects can be neglected. Moreover, we suggest that Eq. ͑3͒ can also be used to obtain conservative estimates of the reservoir level that will cause failure for natural landslide dams with relatively low permeability and coarser material at the dam toe. In both cases collapse would occur with a reservoir level higher than that predicted in Eq. ͑3͒ by either headcutting or overtopping. The unsteadiness of the upstream water discharge ͑i.e., relatively narrow periods of high standing levels͒ and/or the reduced inertia that is associated with small reservoir volumes, which were not considered in this study, could imply ͑as in the case of Rio Toro landslide dam͒ a critical level larger than that given in Eq. ͑3͒. D ϭ dry repose angle of sediments; S ϭ submerged repose angle of sediments; 0 ϭ D cr / H; 1 ϭ tan ; 2 ϭ tan ␣; and 3 ϭ H / d 50 .
